Abstract: French Frigate Shoals represents a relatively unpolluted tropical Pacific atoll system with algal assemblages minimally impacted by anthropogenic activities. This study qualitatively assessed algal assemblages at 57 sites, thereby increasing the number of algal species known from French Frigate Shoals by over 380% with 132 new records reported, four being species new to the Hawaiian Archipelago, Bryopsis indica, Gracilaria millardetii, Halimeda distorta, and an unidentified species of Laurencia. Cheney ratios reveal a truly tropical flora, despite the subtropical latitudes spanned by the atoll system. Multidimensional scaling showed that the flora of French Frigate Shoals exhibits strong similarities to that of the main Hawaiian Islands and has less commonality with that of most other Pacific island groups.
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French Frigate Shoals, an atoll located close to the center of the 2,600-km-long Hawaiian Archipelago, is part of the federally protected Northwestern Hawaiian Islands Coral Reef Ecosystem Reserve. In stark contrast to the more densely populated main Hawaiian Islands, the reefs within the ecosystem reserve continue to be dominated by top predators such as sharks and jacks (ulua) and serve as a refuge for numerous rare and endangered species no longer found in more degraded reef systems (Friedlander and DeMartini 2002, Maragos and Gulko 2002) . The National Oceanic and Atmospheric Administration (NOAA) Fisheries Coral Reef Ecosystem Division (CRED) and Northwestern Hawaiian Islands Reef Assessment and Monitoring Program (NOWRAMP) began conducting yearly assessment and monitoring of subtropical reef ecosystems at French Frigate Shoals in 2000 to better support the long-term conservation and protection of this relatively intact ecosystem and to gain a better understanding of natural biological and oceanographic processes in this area. Despite past pioneering efforts to document macroalgal diversity in the Northwestern Hawaiian Islands (Buggeln 1965 , Tsuda 1965 , 1966 , Balazs 1979 , Abbott 1989 , analyses have been hampered because of a paucity of algal data from these areas, the remoteness of islands being assessed, and the time-intensive techniques necessary to properly identify and catalog the numerous macroalgae, epiphytes, and turf algae encountered. In this study, algal communities from an unprecedented number of sites and a variety of habitats at French Frigate Shoals were sampled by divers in the field and analyzed at a level of taxonomic resolution rarely encountered in reef surveys from other regions of the world (Dodge et al. 1982 , Rogers et al. 1983 , Liddell and Ohlhorst 1987 , Diaz-Pulido and Diaz 1997 , McField et al. 2001 , Costa et al. 2002 , Diaz-Pulido and Garzó n-Ferreira 2002 , Schils and Coppejans 2003 . As a result of this work, two species of algae new to science and endemic to French Frigate Shoals have been described (Vroom and Abbott 2004a,b) , and reproductive features of the green alga Halimeda velasquezii Taylor have been scientifically reported for the first time (Vroom and Smith 2003) . In this paper we provide an updated comprehensive species list of algal specimens known from French Frigate Shoals and compare the marine flora of French Frigate Shoals with that of other Pacific islands.
materials and methods Location
Centered at approximately 23.45 N latitude and 166.11 W longitude (Figure 1 ), French Frigate Shoals represents a large, open atoll containing numerous low sand islets and two basalt pinnacles. The eastern side of the atoll system consists of an ocean-facing reef system with classic reef slope, reef crest, and backreef regions. Inner lagoonal areas are characterized by shallow sandy and hard bottom communities with numerous, sometimes extensive, patch and linear reefs. The submerged central portion of the atoll is the location of La Pérouse Pinnacles, the only emergent basaltic remnants of an ancient volcano (Miller et al. 2003) . Although most of the atoll system is relatively unimpacted by human activities, Tern Island was extended for military purposes during World War II from a length of 550 m to 945 m using dredged coral reef material and currently is the site of a Hawaiian National Wildlife Refuge facility. East Island, about 8 km from Tern Island, had extensive military occupation during World War II and housed a U.S. Coast Guard Station from 1944 to 1952.
Data Collection
Research expeditions to French Frigate Shoals during July 1990 and late summer to early autumn 2000-2002 visited 57 diverse geographic areas and habitats for qualitative algal analyses (Appendix). At each site, algae were collected haphazardly from a 3-m-wide swath along two 25-m transect lines set in a singlefile row, with each transect separated by @10 m. With the exception of some shallower back-reef and lagoonal sites, most transects were placed at a standard 10-to 15-m depth (Appendix).
Data Analysis
Immediately after collection in the field, samples were brought aboard a research vessel and frozen in sealable bags. After completion of each expedition, microscope slides and herbarium pressings were made of samples for species identification. Microscopic specimens were examined with a compound microscope (Nikon E400, Melville, New York) and photographed with a digital camera (Nikon CoolPix 995). All microscope slides and herbarium specimens are currently in the personal herbaria of Isabella Abbott (IA 27138-IA 27556) and Peter Vroom (PSV 20000-PSV 20010, PSV 20012-PSV 20015, PSV 20018-PSV 20096) and are slated for eventual deposition in the Bishop Museum, Honolulu, Hawai'i.
Recent taxonomic treatments of the marine flora of the Hawaiian Archipelago (Abbott 1999, Abbott and Huisman 2004) present original citations, basionyms, synonyms, and distribution for almost all algal species found at French Frigate Shoals. However, the nomenclature presented in this paper reflects current practice (Guiry and NicDhonncha 2005) and may differ slightly from those earlier treatments. For all new records, information is presented as to the source or the location of verifiable material, and original citations are provided together with information on the type locality, the basionym, and taxonomic synonyms.
To compare the marine benthic algal flora of French Frigate Shoals to that of other islands in the tropical Pacific, data on the presence and absence of species and genera were compiled from eight additional islands or archipelagoes whose marine floras have been recently reviewed (French Polynesia [Setchell 1926, Payri and [Lobban and ]; Pohnpei and Ant Atoll McDermid 2000, McDermid et al. 2002] , and the main Hawaiian Islands [Abbott 1999, Abbott and Huisman 2004] ). Bray-Curtis similarity matrices of species and genus presence among islands were generated using PRIMER-E software (Clarke and Warwick 2001) , and multidimensional scaling (number of restarts ¼ 30) was used to map relationships between islands based on floristic composition. Because the nongeniculate Corallinales of Hawai'i are currently under revision (Y. Chamberlain, pers. comm.), this group was excluded from our analysis for all islands. Ratios of red, green, and brown algae at French Frigate Shoals were compared using the Cheney ratio (no. of red þ green algal species/no. of brown algal species [Cheney 1977] ). (Table 1) , with 74% being new records for the atoll (Abbott 1989 , Abbott and Huisman 2004 . Approximately 47% were macroalgal species, and the rest were epiphytes or members of the turf community. No known alien algae were documented, and native species with known invasive qualities (e.g., Caulerpa taxifolia (Vahl) C. Agardh [Meinesz 1999, Vroom and (Tsuda 1966 , Hollenberg 1968 , Brostoff 1984 , Abbott 1989 , Abbott and Huisman 2004 were not collected (Table 1) .
Of the 179 algal species known from French Frigate Shoals, 118 are red algal species representing 59 genera, 42 are green algal species from 22 genera, and 19 are brown algal species in 14 genera (Table 3) . Cheney ratios of 8.4 and 5.8 for species and genus comparisons, respectively, revealed a tropical flora without temperate influence (Cheney 1977) . A multidimensional scaling ordination of Pacific islands based on marine macroalgal floras by species revealed that South Pacific locales (French Polynesia and Fiji) and Micronesian islands (Yap, Palau, Guam and CNMI, and the Marshall Islands) form distinct clusters (Figure 3 ). Although the Hawaiian Islands (French Frigate Shoals and the main Hawaiian Islands) were clearly distinct from these clusters (Figure 3 ), the placement of Pohnpei and Ant Atoll suggests that the marine flora of these islands has affinities to those of both its Micronesian neighbors and Hawai'i. A similar analysis using only genera (data not shown) failed to group islands into distinct clusters. discussion This study increased the number of algal species known from French Frigate Shoals from 47 (Abbott 1989 , Abbott and Huisman 2004 to 179, an increase of over 380% (Table 1). A Cheney ratio of 8.4 is well above the ''tropical threshold'' of 6.0 (Cheney 1977, Schils and Coppejans 2003) and indicates that the marine flora of French Frigate Shoals represents a tropical ecosystem with minimal temperate influences. Red algal species outnumbered green and brown algal species 2.8 and 6.2 times, respectively. In addition, the geographic isolation of French Frigate Shoals combined with the numerous types of benthic habitat formed by geologic processes and varying exposure to oceanographic forces permitted an evolutionarily diverse assemblage of algal species that is unique from that of other Pacific islands (Figure 3 ).
Many algal species from Hawai'i have well-established Indo-Western Pacific distri- Bangladesh (Silva et al. 1996) , India (Silva et al. 1996 , Sahoo et al. 2001 , Sri Lanka (Silva et al. 1996) , Chagos Archipelago (Silva et al. 1996) , Maldives (Silva et al. 1996) , Somalia (Silva et al. 1996) , Kenya (Silva et al. 1996) , Tanzania (Coppejans et al. 2000) , Seychelles (Silva et al. 1996) , Mauritius (Børgesen 1940 , Silva et al. 1996 ; East Asia: Japan (Yoshida et al. 1990 , Yoshida 1998 Southeast Asia: Vietnam (Pham-Hoàng 1969) , Singapore (Teo and Wee 1983, Silva et al. 1996) , Philippines (Silva et al. 1987) ; Pacific Islands: Solomon Islands (Womersley and Bailey 1970) ; Australia and New Zealand: Queensland (Cribb 1996; Phillips 1997 Phillips , 2002 World distribution: East Africa, Indian Subcontinent, and Indian Ocean: Andaman Islands (Silva et al. 1996) , India (Silva et al. 1996 , Sahoo et al. 2001 , Yemen (Silva et al. 1996) , Kenya (Silva et al. 1996) , Tanzania (Silva et al. 1996) , Mozambique (Silva et al. 1996 ), South Africa (Silva et al. 1996 , Madagascar (Silva et al. 1996) , Seychelles (Silva et al. 1996) , Mauritius (Børgesen 1943 , Silva et al. 1996 , Réunion (Silva et al. 1996) Note: Information from AlgaeBase (Guiry and NicDhonncha 2005) .
butions (Abbott 1999). Therefore it is not surprising that two species new to the Hawaiian Archipelago reported from French Frigate Shoals, Bryopsis indica ( Figure 2F ) and Halimeda distorta (Table 2 , Figure 2A ,B), also exhibit Indo-Pacific distributional patterns (Guiry and NicDhonncha 2005) . Before its discovery at French Frigate Shoals, Gracilaria millardetii (Table 2, Figure 2G ) had been reported only from the Indian Ocean (Guiry and NicDhonncha 2005) . The specimen collected at French Frigate Shoals is the first known central Pacific record and greatly increases the known range for this species. Although this study is the first to report H. distorta in Hawai'i, previous phylogenetic studies of the genus Halimeda used a specimen of this species from the island of Hawai'i for molecular analysis (specimen 97-059 in Kooistra et al. 1999 and Verbruggen 2005) . Because of superficial similarities between H. distorta, H. copiosa Goreau & Graham, and H. gracilis Harvey ex Agardh, past collections of H. distorta from the Hawaiian Islands may have been misidentified. Our specimens of H. distorta from French Frigate Shoals closely resemble the specimens of H. copiosa in Abbott and Huisman (2004) , suggesting that critical examination of Hawaiian material from both species is necessary to solve possible taxonomic confusion. Halimeda gracilis is easily separated from H. distorta and H. copiosa on a microscopic level based on up to eight (rather than four) primary utricles arising from each secondary utricle and the clavate nature of utricular structure in H. gracilis (Figure 2A-D) .
The unidentified species of Laurencia (Figure 2E ) was a small member of the turf community, and overall habit was too diminutive to analyze critically. However, cross sections revealed terete axis with projecting, radially elongated cortical cells, features not characteristic of any currently recognized Hawaiian species (McDermid 1988 , Abbott 1999 .
The relative distinctness of the Hawaiian macroalgal flora (French Frigate Shoals plus the main Hawaiian Islands) from that of most other Pacific islands is evident through multidimensional scaling analysis (Figure 3) . Although only 34% of the species found in the main Hawaiian Islands (Abbott 1999, Abbott and Huisman 2004) are reported for French Frigate Shoals, 96% of the species found in French Frigate Shoals also occur in the main Hawaiian Islands (Table 1) . When compared with other tropical Pacific islands (Table 3) , the overall number of species encountered at French Frigate Shoals is low, probably because of its small geographic size and isolation. As discussed in McDermid et al. (2002) , the biogeographic theory predicts relatively low biodiversity at small, remote islands. Ant Atoll is similar in size to French Frigate Shoals , and both atoll systems contain almost the same number of species, although biodiversity differs. As suggested by McDermid et al. (2002) , seasonality likely affects the algal flora of tropical systems, and additional species would likely be encountered at French Frigate Shoals during winter and spring months.
Past studies exploring biodiversity of Pacific island systems suggested that algal biodiversity of Micronesia exceeded that of French Polynesia. However, recent qualitative algal studies from Fiji (South and Skelton 2003) have greatly increased our understanding of South Pacific marine floras and indicate that sampling biases or a lack of recent collections may greatly skew biodiversity of a given area. Although our study relied on recent and thorough checklists of marine macroalgae to compare Pacific island floras, the Hawaiian Islands may appear distinct in the multi- In conclusion, French Frigate Shoals represents a relatively unpolluted atoll system 
g-------------------------------------------------

